Human neutrophils (PMN) demonstrated potent fungistatic activity against Histoplasma capsulatum (Hc) yeasts in a sensitive microassay that quantifies the growth of yeasts by the incorporation of 13Hjleucine. At a PMN:yeast ratio of 1:2, PMN inhibited the growth of yeasts by 37%. Maximum inhibition of 85% to 95% was achieved at a PMN/yeast ratio of 10:1 to 50:1. Opsonization of the yeasts in fresh or heat-inactivated serum was required for PMN-mediated Previous studies in vitro have generated conflicting results with regard to PMN fungicidal activity against Hc yeasts. Howard (4) reported that in the presence of serum, glycogen-induced, peritoneal neutrophils of guinea pigs killed Hc yeasts after 3 h of incubation. In these experiments, killing was defined by altered stainability ofthe ingested Hc yeasts. However, definition of fungal death by alteration in staining properties has not been accepted widely (5), and these ultrastructural and tinctorial changes were not observed after phagocytosis by human PMN (6). Schaffner et al. (6) found that at a high phagocyte-to-fungus ratio, human PMN killed the mycelial phase, but not the yeast phase of Hc, despite the fact that opsonized yeasts induced the PMN respiratory burst.
nant inflammatory cell type in the lungs of outbred mice during the first 36 h after intranasal inoculation with Hc macroconidia. However, PMN do not appear to phagocytose these macroconidia, and the few yeasts that were present at 36 h were found only within macrophages (2) . Baughman et al. (3) observed an intense PMN response in the lung at one week of infection after intranasal inoculation of C57BL/6 mice with yeasts ofHc strain G2 1 7B. By the second week, PMN had been largely supplanted by mononuclear cells characteristic of a granulomatous inflammatory response.
Previous studies in vitro have generated conflicting results with regard to PMN fungicidal activity against Hc yeasts. Howard (4) reported that in the presence of serum, glycogen-induced, peritoneal neutrophils of guinea pigs killed Hc yeasts after 3 h of incubation. In these experiments, killing was defined by altered stainability ofthe ingested Hc yeasts. However, definition of fungal death by alteration in staining properties has not been accepted widely (5) , and these ultrastructural and tinctorial changes were not observed after phagocytosis by human PMN (6). Schaffner et al. (6) found that at a high phagocyte-to-fungus ratio, human PMN killed the mycelial phase, but not the yeast phase of Hc, despite the fact that opsonized yeasts induced the PMN respiratory burst.
Most recently, it has been reported that human (7) and murine (8) neutrophils exhibited some fungistatic activity against Hc yeasts. In these experiments, PMN and yeasts were incubated in the presence of fresh serum for varying periods of time, the PMN lysed, and the remaining viable yeasts quantified by culture on brain heart infusion agar containing 10% sheep blood. Using this methodology, PMN were found to inhibit the growth of yeasts by 47%, compared with yeasts cultured in media alone. However, fungistasis was demonstrated only if the PMN/yeast ratio was 500:1.
In previous studies, we demonstrated that phagocytosis of serum-opsonized Hc yeasts by human neutrophils stimulated a strong respiratory burst and that superoxide anion (O -) became trapped within the phagocytic vacuole (9) . Thus, yeasts should be directly exposed to toxic oxygen metabolites. The present investigation was designed to (a) establish a sensitive microassay to quantify PMN fungistatic activity against Hc yeasts, (b) evaluate the ability of various cytokines to induce PMN fungicidal activity against Hc yeasts, and (c) determine the mechanism(s) of PMN-mediated fungistasis. Our results demonstrate that human PMN possess potent fungistatic activity against Hc yeasts that can be detected at very low ratios of PMN to yeasts and that can persist up to five days. We present evidence that the principal component of the fungistatic abtivity of neutrophils is localized in the azurophil granule fraction.
Methods
Reagents. PMA, cytochalasin D (CD), SOD, catalase, and mannitol, were purchased from Sigma Chemical Co. (St. Louis, MO) . PMA and CD were dissolved in DMSO at a concentration of 1 mg/ml and small aliquots were stored at -70'C until used. NG-monomethyl-L-arginine (NMMA) was purchased from Calbiochem (La Jolla, CA). Diphenylene iodonium bisulphate (DPI) was a gift of Dr. Andrew Cross, The Scripps Research Institute (La Jolla, CA). A 1-mM stock concentration of DPI was prepared in DMSO and stored at -80'C. DPI was diluted into medium to the desired concentrations just before use. Recombinant IL-3, GM-CSF, granulocyte CSF (G-CSF), IFN-y, and IL-8 were a gift from Immunex Corporation (Seattle, WA). Human serum from eight individual donors was pooled and stored in 200 M1 aliquots at -80'C. This pooled human serum (PHS) contained no complement fixing antibody against Hc.
Antibodies. mAbs TS-l /22 (10), specific for CDl la (LFA-l ); IB4 (11), specific for CD18 (( chain); and 3G8 (12) , specific for the FcRIII of PMN, were a gift of Dr. Samuel Wright, The Rockefeller University, New York. MN-41 (13), specific for CDl lb (CR3), was provided by Dr. Allison Eddy, University of Minnesota Medical School, Minneapolis, MN. LeuM5 (14) , specific for CDl lc (p150,95) was a gift of Dr. Louis Lanier, Becton Dickinson Immunocytometry Systems (Mountain View, CA). A polyclonal rabbit F(ab')2 anti-CR, was prepared as described ( 15 ) .
Yeasts. The yeast phase of Hc strain G2 17B was grown in HMM medium ( 16) at 37°C with orbital shaking at 150 rpm. After 2 d, yeasts were harvested by centrifugation, washed three times in HBSS containing 20 mM Hepes and 0.25% BSA (HBSA), and resuspended to 30 ml in HBSA. Large aggregates were removed by centrifugation at 200 g for 5 min at 4°C. The top 2-5 ml were removed, and the single cell suspension obtained was standardized to 1 X I05/ ml in RPMI 1640 containing 10 Mg/ml of gentamicin (17) .
Fluorescein labeling of Hc yeasts. For attachment assays, heatkilled yeasts were incubated at 2 X 108/ml in 0.1 mg/ml FITC in 0.5 M carbonate-bicarbonate buffer, pH 9.5 for 60 min at 37°C, washed twice in HBSA, and resuspended to 2 x 108/ml in HBSS containing 10% PHS. After incubation for 20 min at 37°C, the yeasts were washed twice in HBSA, and then were resuspended to 7 X 107/ml (9, 18) .
Isolation of human phagocytes. Human monocytes and neutrophils were isolated from peripheral blood by dextran sedimentation and Ficoll-Paque (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) centrifugation (9, 18) . The mononuclear cells were harvested from the top of the Ficoll-Paque gradient, washed in HBSS containing 20 mM Hepes and 10 Mg/ml gentamicin (Hanks' Hepes), and were suspended to 3-4 x 106/ml in Hanks' Hepes containing 0.1% autologous serum. 1/10th ml vol of mononuclear leukocytes was aliquoted into the wells of 96-well tissue culture plates (Coming Medical, Cambridge, MA), and the monocytes were allowed to adhere for 1 h at 37°C in 5% C02-95% air. The adherent monocytes were washed vigorously with Hanks' Hepes to remove the lymphocytes and then incubated with Hc yeasts as described below.
PMN were harvested from the bottom of the Ficoll-Paque gradient by suspending the cells in 5 ml of 0.2% NaCl to lyse contaminating erythrocytes. Isotonicity was restored with 5 ml of 1.6% NaCl. PMN were washed twice in RPMI 1640 containing 10 ,g/ml of gentamicin and standardized to the appropriate concentration in the same medium.
Subcellular fractionation ofPMN and extraction ofgranules. Subcellular fractions of PMN were prepared as described previously ( 19) . Briefly, PMN from 1 U ofblood were suspended at 2 x 107/ml in PBS for 15 min at 4°C. The cells were centrifuged at 130 g for 10 min at 4°C, and the pellet was resuspended at 4°C in relaxation buffer containing 100 mM KCl, 3 mM NaCl, 1 mM ATP(Na)2, 3.5 mM MgCI2, 10 mM Pipes, pH 7.3. PMN were lysed by nitrogen cavitation, and nuclei and intact cells were removed by centrifugation at 500 g for 10 min at 4°C. The postnuclear supernatant was centrifuged for 15 min at 20,000 rpm (SS 34 rotor; Sorvall Instruments, Newtown, CT) on a discontinuous Percoll density gradient. 1 -ml fractions were collected at 4°C and assayed for specific markers of azurophil granules, specific granules, and plasma membrane (19 Attachment assay. PMN (2.5 x I03) were adhered in the wells of a Terasaki tissue culture plate (Miles Scientific Division, Naperville, IL) for 1 h at 370C in 5% C02-95% air and washed twice in PBS containing 0.68 mM Ca and 0.5 mM Mg (PBS++). 5 Al of mAb (50 Ag/ml) or PBS++ were added to each well and the cells incubated for 30 min at 4°C. 5 Al of serum opsonized FITC-labeled yeasts (7 X 10'/ml) then were added to the monolayers, and the mixture was incubated for 30 min at 37°C. Unattached organisms were removed by washing with PBS++, and the monolayers fixed in 1% paraformaldehyde. Attachment of the organisms was quantified via fluorescence microscopy on an inverted microscope (Diaphot; Nikon Inc., Instr. Group, Melville, NY) by counting 100 cells/well. Results are expressed as the attachment index, the total number of organisms bound per 100 PMN (9, 18) . The contents ofthe wells were harvested onto glass fiber filters using an automated harvester (Skatron, Inc., Sterling, VA). The filters were placed into scintillation vials, scintillation cocktail added, and the vials were counted in a liquid scintillation spectrometer (LS 7000; Beckman Instruments, Inc.). The growth of yeasts in adherent monocytes was quantified in an identical manner, except that 5 X 103 yeasts was added to the cell monolayer in 0.1 ml of medium. Control wells contained yeasts only, and the counts in these wells ranged from 20,000-200,000 cpm. The data is expressed as the percent inhibition ofthe growth ofyeasts, which is defined as 1 -(cpm from yeasts plus PMN/cpm from yeasts in medium alone) x 100. All experiments were performed in triplicate, and all experiments were performed at least three times with cells from different donors. The data are presented as the mean±SEM.
Quantitation ofthefungistatic activity ofPMNsubcellularfractions. Specific granule, azurophil granule, plasma membrane, and cytosol fractions were diluted to 2 X 107 cell equivalents/ml in citrate phosphate buffer, pH 5.0, and stored in 0.1-ml aliquots at -70'C. For each experiment, the fractions were further diluted in citrate phosphate buffer as required. Hc yeasts were suspended to 5 X 104/ml in HMM medium diluted 1/25 in 10 mM phosphate buffer, pH 6.0. 0.1 ml of yeasts and 0.025 ml of PMN fractions containing varying amounts of cell equivalents were incubated in 96-well tissue culture plates at 370C in 5% C02-95% air. Control wells contained 0.1 ml ofyeasts and 0.025 ml of citrate phosphate buffer. After incubation for varying periods of time, the plates were pulsed with [3H]leucine and harvested as described above. All experiments were performed in triplicate, and the data are presented as the mean±SEM of the percent inhibition of growth of at least three separate experiments. (Fig. 3) . PMN inhibited the growth of yeasts by 80% in medium containing 10% heat-inactivated PHS. Optimum fungistasis (92% inhibition of yeast growth) was achieved with the addition of 10% fresh PHS.
Previous studies in our laboratory had shown that Hc yeasts multiply within human monocytes with an intracellular generation time of about 13 h ( 17). Therefore, we quantified the growth of Hc yeasts in human monocytes in parallel with the studies on PMN. In contrast to the results obtained with neutrophils, Hc yeasts grew within monocytes more rapidly than they were adhered in 96-well plates, washed to remove lymphocytes, and then were incubated with 5 X 10' yeasts for 24 h at 370C in medium containing 10% PHS. The contents of the wells then were processed as described in Fig. 1 Effect ofcytokines, CSF, and PMA on PMN-mediatedfungistasis. We next sought to determine if PMN fungicidal activity could be induced by biological response modifiers that are known to enhance PMN respiratory burst and cytotoxic activity. PMN and yeasts were mixed in a ratio of 10:1 and incubated in medium for 24 h in the presence or absence of cytokines, CSF, or PMA. At the highest concentrations tested ( 100 ng/ ml), neither IL-8, IL-3, GM-CSF, G-CSF, IFNy, nor PMA (1 ng/ml) induced PMN fungicidal activity or enhanced PMN-mediated fungistasis (data not shown). (22) (23) (24) , an agent that appears to play an important role in the antimicrobial activity of mouse MO (25, 26) . To explore a possible role for NO in PMN fungistasis against Hc yeasts, PMN, and yeasts were incubated for 24 h in the presence of 1 mM N0-monomethyl-L-arginine (NMMA) (27, 28) , or 10 AM DPI (29). However, none of these reagents inhibited PMN fungistatic activity against Hc yeasts (data not shown). In addition, when PMN and opsonized Hc yeasts were incubated for 24 h at 37°C, no nitrite could be detected in the medium, even when 5 mM L-arginine was added to the medium (data not shown). Likewise, when PMN and Hc yeasts were incubated for 24 h in the presence ofthe respiratory burst inhibitors SOD (40 gg/ml), catalase (100 ,ug/ml), or mannitol (0.04 M), PMN fungistatic activity against Hc yeasts was not inhibited (data not shown).
Fungistatic activity ofCGD PMN against Hc yeasts. Overall, these data suggested that PMN-mediated fungistasis was mediated by a nonoxidative mechanism(s). In neutrophils from CGD patients, the capacity to produce superoxide and related microbicidal oxygen metabolites is impaired by NADPH oxidase deficiency (30) (31) (32) . Therefore, to explore this hypothesis, the fungistatic activity of PMN from three patients with CGD was compared with the fungistatic activity of three normal controls. At all ratios of PMN/ yeast tested, the fungistatic activity of CGD PMN was equivalent to the fungistatic activity of the normal controls. Table II shows the data obtained using a PMN/yeast ratio of 10:1.
Inhibition ofPMNfungistatic activity by ammonium chloride. PMN respiratory burst products did not appear to play a role in inhibiting the growth of Hc yeasts. Therefore, we sought to obtain preliminary evidence that lysosomal hydrolases or cationic peptides of the specific and azurophil granules might mediate fungistasis by PMN. The activity of these antimicrobial proteins can be inhibited by the lysosomotropic agent NH4Cl, which inhibits phagosome acidification (33) and phagosome-lysosome fusion (34). Therefore, PMN were preincubated for 1 h at 37°C with varying concentrations of NH4Cl. Yeasts were then added, and the mixture was incubated for 24 h at 37°C. Fig. 4 shows that the presence of NH4Cl in the incubation medium inhibited PMN fungistatic activity against Hc yeasts in a concentration-dependent manner. Ammonium chloride (50 mM) alone did not effect the growth of yeasts in culture medium (data not shown). How- ever, with increasing concentrations of NH4Cl, the percentage of viable PMN did decrease, but the total number of PMN/ well remained constant. At 50 mM NH4Cl, 50% of PMN were nonviable as determined by trypan blue dye exclusion (mean of two experiments). Since the ratio of PMN to yeasts in these experiments initially was 50:1, the remaining effective ratio of viable PMN to yeasts was 25:1. As maximum fungistasis was achieved at a PMN to yeast ratio of 10:1 ( Fig. 1 ) , the inhibition of PMN-mediated fungistasis by NH4Cl cannot be accounted for by its toxicity to PMN.
Fungistatic activity of subcellular fractions of PMN. We next sought to identify the specific subcellular fraction(s) of PMN that mediated fungistatic activity against Hc yeasts. Four fractions were obtained from lysed PMN for these studies: cytosol and freeze/thaw extracts ofthe plasma membrane, and of the specific and azurophil granules. In initial experiments, PMN fractions were incubated at 37°C for 24 h with Hc yeasts at a ratio of 100 cell equivalents per yeast. As shown in Table  III , incubation of yeasts with the azurophil granule fraction resulted in 95% inhibition ofgrowth. In contrast, incubation of Hc yeasts with cytosol, plasma membrane, or the specific granule fractions actually increased the growth of yeasts compared with their growth in medium alone. In addition, intact azurophil granules did not exhibit fungistatic activity against Hc yeasts (data not shown).
Extracts ofazurophil granules mediated fungistatic activity against Hc yeasts in a concentration-dependent manner (Fig.  5) and over a pH range of 4 to 8 (Table IV) . In contrast, incubation of Hc yeasts with neutrophil cytosol, plasma membrane, or specific granule fractions under a wide variety ofconditions always increased the growth of yeasts compared with growth in the medium control (data not shown). In earlier experiments, Hc yeasts overcame PMN-mediated fungistasis only after 5 d in culture. Therefore, we sought to determine the length of time required for Hc yeasts to overcome the fungistatic activity of the isolated azurophil granule fraction. The azurophil granule fraction and yeasts at a ratio of 50 cell equivalents per yeast were incubated at 370C for 1-7 d, and the growth of yeasts quantified as described in Methods. The data in Fig. 6 A demonstrate that under the culture conditions of the assay, yeasts grew continuously over the 7-d incubation period. In contrast, the growth ofyeasts incubated in the presence of the azurophil granule fraction was inhibited by > 90% at all time points tested (Fig. 6 B) .
Discussion
The role of neutrophils in host defense against H. capsulatum remains obscure. Clearly, PMN are part of the inflammatory response to Hc in animal models ofhistoplasmosis (2, 3) . However, because most individuals possess cell-mediated immunity to the fungus in areas where Hc is endemic, the specific role of PMN in the immune response to Hc is unclear. Despite the fact the initial infection with Hc may cause only mild symptoms, most individuals develop cell-mediated immunity. There are, however, many individuals living in areas where Hc is endemic who are skin test negative when tested with histoplasmin, but who presumably have been exposed to Hc at some point during their lifetimes. Thus, it is reasonable to postulate that in some cases the initial inflammatory response, of which PMN are a major part, may be sufficient to clear the organism from the host, or that the initial inoculum was too small to induce longlasting immunity. The (17) .
PMN-mediated fungistasis required the presence of either fresh or heat-inactivated human serum. This data correlates with our previous experiments (9) , which demonstrated that although unopsonized Hc yeasts bound to PMN CD18 receptors, opsonization of yeasts with fresh serum or heat-inactivated serum was required for phagocytosis.
Despite the serum requirement for PMN to inhibit the growth ofyeasts, ingestion ofthe yeasts per se was not required. Thus, PMN-mediated fungistasis was equivalent in the presence or absence of CD, an actin microfilament inhibitor that prevents phagocytosis (35) (36) (37) . Clearly, however, the yeasts bound to neutrophils, and binding was sufficient to induce signal transduction and PMN-mediated fungistasis.
Attachment of serum opsonized Hc yeasts to neutrophils was mediated predominantly via CR1 and CR3 (CDl lb).
Thus, preincubation of adherent PMN with antibodies to CR, and CR3 inhibited yeast binding by 33% and 34%, respectively.
The inhibition mediated by a mixture of anti-CR1 and anti-CR3 was additive and inhibited the attachment of yeasts to PMN by 63%.
Heat-inactivated serum promoted PMN-mediated fungistasis almost as well as fresh complement preserved serum. Thus, engagement of the neutrophil FcR alone is sufficient to stimulate PMN fungistatic activity against Hc yeasts. When yeasts were opsonized in fresh serum, a mAb to FcRIII inhibited yeast binding by 22%, and a combination of antibodies to CR1, CR3, and FcRIII inhibited the attachment of yeasts to PMN by 76%. Thus, the FcR also participates in PMN-mediated fungistasis when the yeasts are opsonized in fresh serum.
The role of other membrane receptors in PMN-mediated fungistasis is less clear. Unopsonized yeasts are recognized by all three neutrophil CD18 receptors (9) , and antibodies to CD I I a (LFA-I ) and CD I I c (p 150,95) inhibited yeast binding to PMN by 16% and 11%, respectively. Thus, these receptors also may play a small role in the attachment of opsonized yeasts to neutrophils.
Although freshly isolated and unactivated neutrophils inhibited the growth of Hc yeasts by 85% to 95%, we sought to induce PMN-mediated fungicidal activity against Hc yeasts with various cytokines. Cytokines were chosen that are known to augment the respiratory burst or cytotoxic activities of neutrophils (38) (39) (40) (41) (42) (43) . However, coculture of PMN and Hc yeasts with IFNy, IL-8, IL-3, GM-CSF, G-CSF, or PMA failed to induce PMN fungicidal activity or enhance PMN-mediated fungistasis. Furthermore, endogenous PMN fungistatic activity was not blocked by agents known to inhibit the respiratory burst or by inhibitors of NO synthetase.
Thus, despite the fact that opsonized Hc yeasts stimulate the neutrophil respiratory burst (6, 9) , and although Hc yeasts are killed in vitro by a combination of H202, Fe2, and iodide (6), or H202, horseradish peroxidase, and iodide (4, 7, S. L. Newman and L. Gootee, unpublished observations), these data suggested that PMN fungistatic activity against Hc yeasts is mediated by a nonoxidative mechanism(s). This idea was strongly supported by the fact that the fungistatic activity of PMN from three CGD patients was equivalent to that mediated by three normal controls. In addition, preincubation of PMN with the lysosomotropic agent ammonium chloride inhibited PMN-mediated fungistasis in a concentration-dependent manner.
The major components ofthe neutrophil that mediate nonoxidative antimicrobial activity are the lysosomal hydrolases and cationic peptides that reside in the specific and azurophil granules (44) (45) (46) . Studies of these and other subcellular fractions of PMN demonstrated that the principal component of the fungistatic activity of human neutrophils resides in the azurophil granules. Azurophil granule-mediated fungistasis was concentration-dependent, persisted for up to 7 d, and occurred over a wide pH range.
The fact that Hc yeasts readily multiply within human monocytes and macrophages (17) indicates that neutrophil azurophil granules must contain some enzymes or cationic peptides not found in these phagocytes. Likely candidates are the cationic peptides known as "defensins" (45, 46) . Although defensins have been found in macrophages from other mammalian species, human macrophages do not contain these antimicrobial agents (45, 46) . Other potential candidates contained in the azurophil granules include azurocidin (47), bactericidal permeability-increasing protein (48) , and cathepsin G (49) . One or a combination of these neutrophil antibiotic proteins may be responsible for the potent antifungal activity of human PMN. Current efforts are directed toward identifying the specific enzymes or cationic peptides of azurophil granules that mediate fungistasis against Hc yeasts.
The potent fungistatic activity against Hc yeasts exhibited by human neutrophils in vitro suggests that PMN may play an important role in host defense against Hc in vivo. Certainly the data indicate that neutrophils may be capable of slowing the course of the infection, and under certain circumstances they may prevent dissemination ofthe yeasts from the lung. It is also possible that neutrophils may damage the yeasts in such a manner as to render them vulnerable to inflammatory macrophages. Thus, inflammatory macrophages may phagocytose yeast-containing neutrophils (50) , and subsequently kill the partially damaged yeasts. Either or both of these postulated mechanisms of defense involving neutrophils during the early phase of the inflammatory response to Hc may explain, at least in part, the fact that a substantial percentage of pulmonary infections by this organism are subclinical and self-limiting.
